Abstract Simultaneous measurements of the velocity and concentration field in flows over a wavy wall are described. The concentration field originates from a low-momentum turbulent plume of a passive tracer. The velocity field and the scalar field are investigated in a water channel flow facility with an aspect ration of 12:1, where the bottom wall of the test section consists of a train of 72 sinusoidal waves. The scalar is released from a point source at the wave crest. Planar laser-induced fluorescence and digital particle image velocimetry are used to make highly spatially resolved measurements of the structure of the scalar distribution and the velocity field. Measurements are performed at Reynolds numbers of Re b = 11200 and Re b = 22400, respectively, based on the bulk velocity u b , the total channel height 2h, and the kinematic viscosity ν. For the concentration measurements, Rhodamine B is used as tracer dye.
Introduction
The most engineering and geophysical flows show some common features like flow separation, streamline curvature, and interaction of the flow with a (complex) surface geometry. They are more complex than simple building block flows. Furthermore, engineering and geophysical flows are often associated with an additional transport of a passive or active scalar. The flow over wavy wall resembles some of these essential features like flow separation, streamline curvature, and complex interactions between the flow and a surrounding surface. It also alters the scalar transport compared to a plane channel flow or a flat plate boundary layer flow. The altered flow structures due to complex surfaces are able to enhance the turbulent transport of scalars from sources (either distributed sources or point sources) and therefore to increase the stirring and mixing processes.
The purpose of this investigation is to show the influence of a complex surface on the scalar transport from a point source in a turbulent flow. We use two techniques to establish the instantaneous and statistical properties of the flow field, the scalar field and the turbulent scalar fluxes. The scalar measurements are based on planar laser-induced fluorescence (PLIF) (e.g., Karasso and Mungal 1997) whereas digital particle image velocimetry (PIV) (e.g., Westerweel 1997) is used for the velocity measurements.
Previous investigations of the velocity field over a wavy wall show a developing shear layer along the wave profile, which emanates shortly after the wave crest (Hudson et al. 1996 , Cherukat et al. 1998 , Günther and Rudolf von Rohr 2003 . Previous analytical and experimental investigations of the scalar transport in flows over complex terrain are, for example, Hunt et al.
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Lisbon, Portugal, 26-29 June, 2006 #1197 (1979 and Snyder and Hunt (1984) . Fackrell and Robins (1982) investigated the scalar statistics for elevated and ground level scalar sources in turbulent boundary layers. Crimaldi and Koseff (2001) and Crimaldi et al. (2002) investigated low momentum turbulent plumes over flat surfaces. They used two different LIF-based techniques for their investigations. A comprehensive overview over turbulent diffusion in complex flows can be found in Hunt (1985) .
Experimental facilities and measurement techniques

Channel flow facility
The experiments are conducted in a closed-loop flow channel facility designed for investigations of turbulent flows at a wide range of Reynolds numbers using light sheet techniques. A detailed description can be found in Günther (2001) . A schematic of the facility is shown in Fig. 1 . The volume of the working fluid is approximately 0.280m 3 and consists of filtered and de-ionized water. A frequency controlled centrifugal pump (10) with an electric power of is used in the current experiments. In the loop, apparent pulsations of the flow are sufficiently minimized through the plenum chamber and the settling chamber (9). With the current pump a maximum mean bulk velocity of
is obtainable. The tubing (11) at the pressure side of the pump (with a circular cross section and a diameter of 50mm) is connected to a 2.25m long diffuser (12) with a maximum opening angle α of 1.9°. Turning vanes (1) change the flow direction. After passing a hexagonal honeycomb (2) with a length-to-cell-size ratio of 7 a flow with low turbulence intensity and a uniform velocity distribution is obtained by using a contractor with a contraction-area-ratio of 6.7 immediately after the honeycomb. A boundary layer trip is located at the beginning of the entrance section. In the entrance section and the test section the total channel height is 2h = 30mm and the width is W = 360mm. The aspect ratio of the two sections is 12:1 which ensures measurements undisturbed by the side walls in the center of the test section. The length of the entrance section and the test section is 2010mm and 2160mm, respectively. In the flow loop, the test section is removable to allow for investigations with different bottom geometries.
Measurement techniques
The simultaneous measurements are performed by use of a combined particle image velocimetry (PIV) and planar laser-induced fluorescence (PLIF) . Karasso and Mungal (1997) showed the applicability of Nd:YAG lasers for quantitative LIF measurements. Photobleaching of the tracer dye can be neglected for the present experiments. An attenuation of the incoming laser light through the tracer dye present in the water can also be neglected. The camera for PLIF allows highly spatial resolved measurements with 12bit-information but no temporal resolved measurements. The time-averaged data sets have been calculated from long image sequences (1000 image pairs) obtained with a frame rate of . The number of image pairs was sufficient to reach fully converged statistics in almost all cases. This number of image pairs is sufficient for the second-order statistics of the velocity field. For the root-mean square value of the concentration fluctuations more sample images of the instantaneous concentration fields are necessary. The area-of-view of each measurement spanned at least over one wavelength in the streamwise direction. In the second direction -depending on the measurement plane the y-direction or the z-direction -at least an extent of 2h is covered for all measurement planes.
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The same laser is used for both the PIV measurements and the PLIF measurements. The cameras for PLIF and PIV are synchronized using a timing unit to ensure simultaneous realizations of the velocity field and the concentration field. Raw images for PIV have been processed by using an adaptive cross-correlation technique with an interrogation area size of for 2C-PIV and for 3C-PIV. To establish the relationship of the laser light intensity and the local tracer concentration and to overcome the inhomogeneity of the laser beam -and therefore the light sheet -a single pixel calibration was used to establish the correspondence between the local emitted fluorescent light and the local concentration at each point in the field-of-view. 
In Eq. 1, I f is the intensity of the emitted fluorescent light, φ is the quantum efficiency of the fluorescent species, the factor A accounts for the optical setup and the camera characteristics, c denotes the local concentration of the tracer dye, and I l stands for the local intensity of the laser light.
The post-processing of the raw images from both techniques includes filtering and, for the PLIF images, data-reduction. The data size of each image is reduced after the analysis by averaging the concentration information over an area of which has been proven not to significantly alter the quality of the information. 
Wavy wall experiments
The bottom wall of the test section itself consists of a train of 72 sinusoidal waves where the wavelength Λ w =30mm equals the total channel height 2h whereas the top wall is flat. The amplitude-to-wavelength-ratio equals 0.05. A schematic drawing of the configuration and the used co-ordinate system can be seen in Fig. 2 . The Reynolds number to describe the flow is given by
with the bulk velocity b u , the total channel height , and the kinematic viscosity h 2 ν . The measurements are carried out at Reynolds numbers of 11200 and 22400.
Measurements are performed at location (7), see Fig. 1 , after 50 wave lengths over which the flow establishes a fully developed turbulent state. The measurements are carried out in three different orthogonal planes. Measurements in a plane perpendicular to the streamwise direction reveal little additional information for the current study and are not presented here. The light sheet for the (x,z)-plane is located above the wave crest. mm 5 . 1 For the current scalar measurements, the flush mounted point source is located at the wave crest and is designed as a low momentum source. The source consists of a small canula (integrated in the bottom wall) with an inner diameter of mm 8 . . The green 532nm-line of the used Nd:YAG laser is able to sufficiently excite the tracer dye. Due to the fluorescent emission in the red the emitted light from the tracer for LIF and the reflected light from the particles for PIV are easily separated by means of a high-pass filter (cutoff below 560nm) and a band-pass filter (passing light at 532nm ± 2nm), respectively. The molecular diffusion coefficient of Rhodamine B in water at 20°C is . So, even at low Reynolds numbers, the scalar transport is mostly governed by turbulent transport rather than molecular diffusion. The source is designed to have a relatively low impact -in terms of the strength of the vertical velocity of the source and the size of the source -to the mean flow field but for ground level sources previous investigations (Fackrell and Robins 1982) showed no significant influence of the source size. 2800 Sc ≈
Results and discussion
Velocity field
The mean velocity field of the given flow over a wavy wall is mainly characterized by the recirculation zone after the wave crest and the following reattachment of the flow. The size of the separation zone is a function of the Reynolds number and the separation zone is less pronounced for Portugal, 26-29 June, 2006 higher values of the Reynolds number as can be seen in Fig. 3 . Flow separation occurs shortly after the wave crest. The flow reattaches behind the wave trough in the upslope region of the wave profile. For higher values of the Reynolds number the extent in the y-direction of the separation zone is reduced and the point of reattachment moves upward along the wave profile. The wavy bottom increases the intensity of the velocity fluctuations shortly behind the wave crest at the downslope region of the wave profile when compared to the flat top wall, as can be seen from Fig. 4 . The high turbulence intensity increases the momentum mixing in the vicinity of the wall, accompanied with an increased pressure drop. For a more detailed description of the flow field we refer to Günther and Rudolf von Rohr 2003. Fig. 5 a) . The dye is in this cases 'trapped' in the recirculation zone. In the same image, due to the recirculation zone, roller-like scalar structures can be clearly seen at the down-slope of the wave profile. This structures transport packets of fluid with a high scalar concentration through the domain. These regions show very high gradients of the scalar because this packets place fluid with high scalar concentration in regions with nearly zero scalar concentration. In that case, molecular diffusion can take place and plays an important role even for a scalar with low molecular diffusivity like Rhodamine B. As can be seen later in the plots of the averaged concentration, the scalar concentration above the wave trough is much lower than the values for the instantaneous samples. The instantaneous concentration of the tracer in the packets reaches values which are one order of magnitude higher than the mean concentration at that spatial point. In the upslope region of the wave profile the packets of fluid with a high scalar concentration disappear. The scalar distribution in this region of the flow is governed by filamentlike structures. These filaments have only a limited impact on the mean scalar distribution. The scalar transport from this kind of point source is highly unsteady. In a limited number of realization (2 -3 out of 100) the scalar 'bursts' into the mean flow, see Fig. 5 b) . The scalar events are associated with similar events in the instantaneous vector fields. The velocity field shows a strong upward motion in these cases at the particular locations. Strong intermediate upward motion above the wave crest has been reported by Günther and Rudolf von Rohr (2003) . Due to the low frequency of these events they are not visible in the mean fields. The corresponding realization of the instantaneous velocity to Fig. 5 b) is given in Fig. 6 a) . The velocity field shows a strong Snapshots of the instantaneous concentration in the (x,z)-plane show similar features as in the (x,y)-plane. Shortly after the source the scalar distribution is characterized by fluid packets with a high scalar concentration. These packets disintegrate into filaments as they proceed downstream along the wave profile. The scalar filaments appearing in Fig. 5 are also visible in Fig. 7 . The visible instantaneous structures are similar to those in scalar plumes over flat surfaces (Crimaldi et al. 2002) . For higher Reynolds numbers the scalar distribution shows a narrower width than for low Reynolds numbers. Consequent realizations of the scalar distribution show a meandering of the tracer in the spanwise direction. The asymmetric scalar distribution in Fig. 7 results from this meandering. The turbulent transport of the scalar is mostly governed by the large-scale structures prevailing in the flow field. These large-scale structures are not stationary but meander laterally (Kruse et al. 2003) . The lateral meandering of the large-scale structures is a possible explanation of the meandering of the scalar plume. From Fig. 7 -regardless the fact that the snapshots are obtained at different Reynolds numbers -the unsteady nature of the scalar transport in a flow over a wavy wall is visible. From the point source, a constant volume flux of the tracer dye is released into the mean flow. The resulting scalar plume in contrast shows no continuous band of the tracer dye or even packets or filaments. 
Scalar statistics
c′
The highest intensity of the scalar fluctuations are found in the vicinity of the source which is in accordance to the findings of Fackrell and Robins (1982) . In the case of a wavy wall, the intensity of the velocity fluctuations in the streamwise and wall-normal direction have their maxima at the wave crest and at the downslope of the wave profile, see 
Summary
Measurements of the scalar transport from a low momentum turbulent plume into a turbulent flow over a wavy wall have been performed. Instantaneous realizations of the concentration field have been obtained by using planar laser-induced fluorescence whereas the velocity field is assessed by means of digital particle image velocimetry.
The instantaneous realizations of the scalar field show two different 'typical' scalardistributions. The transport of the scalar is governed in the vicinity of the source (at the downslope of the wave profile) by roller-like structures which transport packets of fluid with high-scalar concentration into the bulk of the flow. These packets disintegrate at the upslope of the wave into filaments. Two main differences between a scalar plume over a flat surface and a plume over a wavy surface can be stated. One is the lateral meandering of the scalar plume over a wavy surface which is caused by the lateral meandering of the large-scale structures apparent in the flow field. The scalar transport is therefore a highly unsteady phenomenon. The apparent large-scale structures of the velocity field allow for a very efficient mixing of the introduced tracer dye. The second difference is the influence of the separation zone. The tracer dye is trapped in the separation zone and released as fluid packets of high scalar concentration.
The high turbulence intensity in the upslope region of the wavy wall leads to an increased turbulent scalar flux in the streamwise and wall-normal direction. The wavy wall enhances the turbulent momentum fluxes as well as the turbulent scalar flux. As a result, mixing rates are higher than in plane channel flows and the scalar plume is characterized by a higher spreading rate.
